To detect and respond to the diverse environments they encounter, bacteria often use two-26 component regulatory systems (TCSs) to coordinate essential cellular processes required for 27 survival. In pathogenic Bordetella species, the BvgAS TCS regulates expression of hundreds of 28 genes, including those encoding all known protein virulence factors, and its kinase activity is 29 essential for respiratory infection. 
Abstract 24 25
To detect and respond to the diverse environments they encounter, bacteria often use two-26 component regulatory systems (TCSs) to coordinate essential cellular processes required for 27 survival. In pathogenic Bordetella species, the BvgAS TCS regulates expression of hundreds of 28 genes, including those encoding all known protein virulence factors, and its kinase activity is 29 essential for respiratory infection. vivo, we found that although the PAS domain is not required to sense modulating signals in 36 vitro, it is required for the inactivation of BvgS that occurs in the absence of PlrS in the LRT of 37 mice, suggesting that the BvgS PAS domain functions as an independent signal perception 38 domain. Our data also indicate that the BvgS PAS domain is important for controlling absolute 39 levels of BvgS kinase activity and the efficiency of the response to modulating signals in vitro. 40 Our results indicate that BvgS is capable of integrating sensory inputs from both the periplasm 41 and the cytoplasm to control precise gene expression patterns in diverse environmental 42 conditions. 43 (23, 24) . In vitro studies 119 with the cytoplasmic portion of BvgS from B. pertussis showed that kinase activity was 120 decreased in the presence of an oxidized ubiquinone analog and that the histidine in the 121 quinone binding motif (H643) contributed to this effect (23) . Jacob-Dubuisson and colleagues 122 hypothesized that H643 may be involved in binding heme, but were unable to detect heme, or 123 other cofactors, bound to the BvgS PAS domain (25) . Their characterization of an H643A mutant 124 of B. pertussis showed no defect in activation of the ptx promoter under aerobic conditions, 125 but, instead, a defect in responding to NA and MgSO 4 . This group also investigated the 126 importance of the conserved cysteine (C607) and found that a C607A mutant was similarly 127 defective only in its ability to modulate in response to NA (25 
Contribution of the PAS domain in regulating BvgS activity in vitro 166

167
To assess BvgS activity and sensitivity to modulating chemicals in our PAS domain mutants, we 168 used two different gfp reporters; one containing the fhaB promoter (P fhaB ), which contains high-169 affinity BvgA~P binding sites and therefore requires only very low levels of BvgA~P for 170 activation, and one containing the B. pertussis ptxA promoter (P ptxA ), which contains low-affinity 171
BvgA~P binding sites and requires high levels of BvgA~P for activation (10, 13, 32, 33). The 172 lower-affinity BvgA~P binding sites allow the P ptxA -gfp fusion to discern a broader range of 173
BvgA~P levels (and hence BvgS kinase activities) than the P fhaB -gfp fusion. As expected, both 174 promoters were activated in wild-type bacteria (WT), but not in the ∆bvgS mutant, when grown 175 in SS broth at 37°C (Bvg + phase conditions (Fig. 2A&B) . 183
184
The "PASless" mutant (BvgS Ec , the strain in which the BvgS PAS domain was replaced with the 185 analogous sequence from the BvgS homolog in E. cloacae) activated P fhaB -gfp to the same level 186 as WT and P ptxA -gfp to a greater level than WT when grown under Bvg + phase conditions (Fig.  187 2A), suggesting that the PASless BvgS is a more efficient kinase than wild-type BvgS (Fig. 2B) . 188
Expression of P ptxA -gfp and P fhaB -gfp was significantly decreased when BvgS Ec was cultured in the 189 presence of NA or MgSO 4 compared to growth in the absence of these chemical modulators 190 (Fig. 2A&B) were lower than for WT, consistent with BvgS in these strains having increased kinase activity 250 (and hence increased positive autoregulation) compared to wild-type BvgS, as suggested by the 251 P ptxA -gfp data ( that PlrSR prevents the generation of a signal that would inhibit BvgS kinase activity (Fig. S1C) . 297
In a ∆plrS mutant, this inactivating signal would accumulate resulting in loss of BvgS kinase 298 activity (Fig. S1D ). If true, and if that signal is sensed by the BvgS PAS domain, then PASless 299
BvgS, and potentially some of the PAS domain point mutants, would be insensitive to the 300 inactivating signal and remain active in a ∆plrS mutant. To test this hypothesis, we deleted plrS 301 in the BvgS PAS domain mutants and used the pGFLIP-P flaA and pBam reporters to evaluate BvgS 302 activity in these strains in vivo. Similar to and as previously shown for the ∆plrS mutant (29), all 303 strains containing the PAS domain mutations in addition to the ∆plrS mutation were severely 304 defective for survival in the LRT, but colonized the NC similarly to WT (Fig. 5A ). Similar to the 305 parental ∆plrS strain, the C607A ∆plrS and C607S ∆plrS double mutants showed evidence of 306 modulation in the LRT, with a large percentage of GFP -bacteria recovered from the lungs at 307 days 1 and 3 post-inoculation (Fig. 5B) . A small proportion of bacteria of these same strains also 308 modulated in the NC. These data suggest that C607 is not involved in the modulation of BvgS 309 that occurs in the LRT in the absence of PlrS. Interestingly, despite the large number of GFP -310 CFU recovered for the C607A ∆plrS mutant, very few LCPs were generated (Fig. 5C) Our results cannot definitively distinguish whether the PAS domain senses an activating signal 340 that is dependent on PlrSR (Fig. S1A) or senses an inhibitory signal that is produced in the 341 absence of PlrSR (Fig. S1C) . Regardless, our data support an important role for the PAS domain 342 in sensing a signal(s) independent of the VFT domains. Our in vitro transcriptional analyses, 343
showed that both wild-type BvgS and PASless BvgS can sense NA and MgSO 4 , presumably via 344 the VFT domains, and in response they sufficiently modulate the bacteria to the Bvg -phase. In 345 vivo, wild-type BvgS was also sensitive to a PlrS-dependent signal in the LRT (it modulated in the 346 ∆plrS strain), however, PASless BvgS was insensitive to this signal, indicating that this signal 1) is 347 sensed differently than NA or MgSO 4 (not via the VFTs) and 2) specifically requires the PAS 348 domain for perception. Ultra II DNA polymerase (Agilent, Cat#: 600670) was used for the construction of all allelic 458 exchange vectors used in this study. GoTaq DNA polymerase (Promega, Cat#: M3001) was used 459 for screening purposes during plasmid and strain construction. All enzymes were used 460 according to the manufacturer's instructions. The primers used in this study are listed in Table  461 method. substitution and a unique restriction enzyme digestion site, used for screening. Primers used to 472 generate the most 5' and 3' ends of the DNA fragments for each mutant were designed to 473 include a BamHI restriction site at the 5' end and a SacI restriction at the 3' end, which were 474 used to clone the DNA fragments into the allelic exchange plasmid pEG7S (4). Standard 475 methods were then used to deliver this plasmid to RB50 and ∆plrS strains by conjugation using 476 RHO3 cells. Double homologous recombination events that introduced the desired mutation 477 into the chromosome were selected for using 15% sucrose and screened for by restoration of 478 BvgS activity indicated by the presence of hemolysis on BG-blood agar or through restriction 479 digestion using the unique restriction enzyme site introduced for point mutants. Sanger 480 sequencing was used to verify each mutation in bvgS. The pGFLIP-P flaA and pBam reporters 481 were introduced into each mutant strain, using tri-parental mating with conjugative RHO3 or by 482 was verified using PCR. 484
485
Construction of P ptxA-gfp and P fhaB-gfp Transcriptional Reporters 486
487
To construct a GFP transcriptional reporter for P ptxA , the ptxA promoter (position -5 to -220 488 upstream of ptxA coding sequence) was amplified by PCR from B. pertussis Tohama I. To 489 construct a GFP transcriptional reporter for P fhaB , the fhaB promoter (position -5 to -254 490 upstream of fhaB coding sequence) was amplified by PCR from B. bronchiseptica RB50. PCR 491 products were then digested and cloned into the pUCgfpMAB plasmid using EcoRI and HindIII 492 restriction sites. The resulting plasmids were subsequently sequenced to verify that each 493 promoter was correctly fused 5' to the S12 RBS and gfp. Each reporter plasmid was then 494 introduced into WT, BvgS C , ∆bvgS, BvgS Ec , H643A, C607A, and C607S strains using tri-parental 495 mating with conjugative RHO3. A strain of RB50 was also engineered to contain the 496 pUCgfpMAB plasmid without a promoter driving gfp expression as a control 497 (RB50::pUCgfpMAB-EV). Reporter delivery to the Tn7 site was confirmed by PCR in each strain. Transcriptional analysis of P ptxA and P fhaB activity in wild-type (WT), BvgS C , ∆bvgS, BvgS Ec , H643A, C607A, and C607S strains of B. bronchiseptica using the gfp based reporters. All strains were cultured in Stainer Scholte (SS) broth (Bvg + growth conditions, black bars), in SS with 4mM nicotinic acid (Bvg -growth conditions, blue bars), or in SS with 50mM MgSO 4 (Bvg -growth conditions, orange bars) at 37 °C with agitation. (A) Activity of the high-affinity BvgA~P P fhaB promoter was determined using the P fhaB -gfp reporter and (B) activity of the low-affinity BvgA~P P ptxA promoter was determined using the P ptxA -gfp reporter. Colored bars represent the mean normalized GFP fluorescence per cell (GFP/OD600) calculated from triplicate experiments. Error bars represent the standard deviation of normalized GFP/OD600 for each data set. Statistical significance (Two-Way ANOVA and Tukey's multiple comparisons test, P < 0.05) of values for each strain compared to WT under each growth condition is indicated with * (P < 0.05) and statistically significance comparisons of values for a single strain cultured in each growth condition is indicated with a specific P value. -phase when recovered. Statistical significance (Kruskal-Wallis test and Dunn's multiple comparisons test, P < 0.05) is indicated with * (P < 0.05), ** (P < 0.01), and **** (P < 0.0001). -phase when recovered. Statistical significance (Kruskal-Wallis test and Dunn's multiple comparisons test, P < 0.05) is indicated with * (P < 0.05), ** (P < 0.01), and *** (P < 0.001). 
